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OBJECTIVES
Our primary objectives for the past year have been:
Development of a coupled hurricane-ocean experimental prediction system for the North Atlantic; Improved ocean model initialization and data assimilation techniques for forecast modeling; Development o f a m o vable grid multi-nested ocean model.
APPROACH
Our tools for this work are high-resolution ocean and tropical cyclone models used in either coupled or uncoupled con gurations. We currently employ t wo ocean models and one tropical cyclone model.
The rst ocean model we use is the Princeton Ocean Model POM Blumberg and Mellor 1987. We h a ve used the POM for the Atlantic region and we plan to continue to use it for this area for the near future. The POM is a three-dimensional, free-surface primitive equation model. This model is widely distributed to the academic community and used by the Navy in various applications.
Our newly developed movable nested grid ocean model Ginis et al. 1997, Rowley and is the second ocean model. The major feature of the model is its multiply-nested, movable mesh con guration, which is capable of depicting the ocean response with high resolution underneath the tropical cyclone.
We employ one of the premier tropical cyclone forecast systems, the GFDL model Kurihara et al. 1997 , which w as adopted as the o cial operational hurricane prediction model at the National Weather Service starting with the 1995 hurricane season. This model as the GFDN is also run operationally for the western Paci c at Fleet Numerical FNMOC in support of the Joint T yphoon Warning Center JTWC. 
WORK COMPLETED
The major tasks we completed this year relate directly to our primary objectives:
We successfully completed the conversion of the research-oriented coupled hurricane-ocean model of Bender et al. 1993 to a real-case, coupled hurricane-ocean experimental hindcast model for the Gulf of Mexico and western Atlantic, by coupling the GFDL hurricane model with a high-resolution version of the Princeton Ocean Model. Comparisons of coupled and uncoupled model hindcast results were produced for several storms in the Gulf of Mexico and western North Atlantic. Under our current ONR funding, the mesh movement algorithm of the GFDL hurricane model was implemented in the new nested grid primitive equation ocean model developed by Ginis, et al. 1997 . The result is the rst ocean GCM with xed or moving telescopically nested meshes. A suite of idealized simulations has been performed to rigorously test the mesh movement algorithm. The test experiments have demonstrated that the model with moving grids performs extremely well, even in challenging situations such as mesh movement o ver existing mesoscale fronts and rings. A n umerical procedure has been developed to assimilate subsurface temperature and velocity data together with the stream position to initialize the realistic mean structure of the Gulf Stream GS in the Princeton Ocean Model POM. The procedure takes advantage of the temporal and spatial stability of the GS cross-stream structure, utilizing a limited number of observed cross-sections in stream coordinates, and a satellite AVHRRderived GS path. In particular, conservation of the cross-stream potential vorticity PV pattern along the GS path is assumed. Assimilation of the PV instead of temperature and velocity measurements provides a more dynamically consistent transition between the reproduced Gulf Stream system and the surrounding climatological elds. RESULTS 1 Development of a coupled hurricane-ocean experimental prediction system for the North Atlantic
We completed the conversion of the coupled hurricane-ocean model of Bender et al. 1993 to a real-case, coupled hurricane-ocean experimental hindcast model. In the coupled system, the POM was enhanced with ne resolution of 1 6 o for the entire computational domain. The version of the GFDL hurricane model used for this study is identical to the one run operationally by the National Weather Service, with the addition of the ocean coupling. Experiments were run with and without ocean coupling for two cases of Hurricane Opal 1995 and one case of Hurricane Gilbert 1988 in the Gulf of Mexico, and for two cases of Hurricanes Felix 1995 and Fran 1996 in the western Atlantic. For the rst time, a coupled hurricane-ocean model has been applied in simulations of real-case hurricanes, albeit in a hindcast mode. In each of the seven hindcasts, inclusion of the ocean coupling led to a substantial improvement in the prediction of storm intensity as measured by the storm's minimum sealevel pressure. In the case of Hurricane Opal, for example, the uncoupled model runs predicted drops in the minimum sea-level pressure to 927 and 931 hPa b y 1200 UTC Oct. 3, where in the coupled model hindcasts the minimum sea-level pressures were 960 hPa and 973 hPa, respectively Fig. 1 . These results clearly demonstrate the importance of including the e ect of ocean coupling for reliable intensity predictions with the GFDL GFDN forecast system, and probably for dynamical models in general. 
Design of a movable nested-mesh primitive equation model
Under our current ONR funding, the mesh movement algorithm of the GFDL hurricane model was implemented in our nested grid ocean model. In order to test the mesh movement i n a realistic setting, we simulated the ocean response to Typhoon Roy 1988 in the western North Paci c. We initialized the model using the January elds from a six-year spinup of the single grid model with 1 o resolution in the zonal direction, and a stretched grid in the meridional, with spacing 1 3 o on the equator increasing poleward. The spinup was forced by the monthly averaged wind stress and surface heat ux elds. The Typhoon Roy simulation was con gured with three meshes, of uniform 1 o , 1 3 o , and 1 6 o resolutions. The inner meshes were centered at the position of the typhoon at 0000 UTC 8 January, and the integration used the typhoon's observed strength and track to produce the wind forcing for a 7-day i n tegration. Fig. 2 shows the model-calculated SST for the area near the storm track, together with the track and the locations of the nested meshes.
Model initialization and data assimilation
Coupled hurricane-ocean forecasts require realistic initialization and assimilation of mesoscale features of the pre-storm oceanic elds such a s w arm and cold eddies, currents and their meanders. These features cannot be derived from climatological background elds, and have to be constructed and embedded into the climatology. Our study has focused on a more realistic initialization of the Gulf Stream system. We developed a new data assimilation technique that utilizes the data collected during the SYNOP eld experiment Johns et al. 1995 , and the AVHRR-derived GS path. The procedure includes the following steps: a mean Gulf Stream potential vorticity PV structure is constructed in stream coordinates using the SYNOP velocity and temperature pro les. The GS PV is then blended with the 
IMPACT APPLICATIONS
The results of this study indicate that the present tropical cyclone forecast system at FN-MOC utilizing NOGAPS and GFDN is de cient in its inadequate description of the evolution of the subsurface ocean, and that including ocean coupling will greatly improve tropical cyclone intensity forecasting and therefore provide a better numerical guidance product for the JTWC. Improved modeling of tropical cyclones may also lead to signi cantly better extended range weather forecasts.
The new movable grid ocean model makes it feasible to combine realistic global or basinscale ocean simulations with mesoscale forecasts for selected regions. The nested grid model may be coupled with the Naval operational regional atmospheric prediction system NORAPS and may also be utilized as the ocean component of the coupled ocean atmosphere mesoscale prediction system COAMPS which is being developed at the Naval Research Laboratory, Marine Meteorology Division, Monterey, CA.
TRANSITIONS
It is expected that the results of this project will be used by the Navy for operational purposes. On completion, the coupled tropical cyclone-ocean system will be operational at FNMOC.
It is also hoped that the nested-grid ocean model developed during this project will add to the utility o f C O AMPS as it transitions to operational use over the next few years. RELATED PROJECTS
